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ABSTRACT. The structural kinetics (rate constants for electronic and structural transformations) of 
the Pt charging/discharging, Pt-Pt bond dissociation/reformation and Pt-O bond formation/dissociation 
of Pt/KB, Pt/AB and Pt/MWCNT cathode catalysts in PEFC MEAs under transient potential operations 
(0.4 VRHE ➝1.4 VRHE ➝0.4 VRHE) has been studied by in situ/operando time-resolved QXAFS (100 
ms/spectrum), while measuring electrochemical currents/charges in the MEAs under the potential 
operations. From the systematic QXAFS analysis for potential-dependent surface structures and rate 
constants (k and k’) for the transformations of Pt nanoparticles under the operations (0.4 VRHE ➝1.4 
VRHE and 1.4 VRHE ➝0.4 VRHE), respectively, we have found the structural kinetics (k’Pt-O and k’valence) 
controlling the oxygen reduction reaction (ORR) activity and also the structural kinetics (k’Pt-Pt/kPt-Pt) 
reflecting the durability of the cathode catalysts. The relaxation time of the Pt-Pt bond reformation and 
Pt-O bond dissociation processes in the activated MEAs was also suggested to predict the relative 
durability of the similar kinds of cathode catalysts. The in situ time-resolved XAFS analysis provided 
direct information on the key structural kinetics of the Pt/C catalysts themselves for thorough 
understanding of the cathode catalysis toward PEFC improvement.  
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1. INTRODUCTION 
In these decades polymer electrolyte fuel cell (PEFC) has received much attention as one of the most 
efficient clean energy generation systems, bringing zero emissions into reality in the future, particularly 
for automotive applications due to high power density at low temperatures. In December 2014 
TOYOTA launched the world's first commercially available hydrogen fuel-cell vehicle “MIRAI” and 
in March 2016 HONDA also launched the commercial hydrogen fuel-cell vehicle “CLARITY FUEL 
CELL” by using carbon-supported Pt-based nanoparticle catalysts (Pt/C) as cathode in membrane 
electrode assembly (MEA) as an active unit of PEFC. This is an epoch-making technology, but for 
widely spread commercialization of PEFC vehicles including cars for business use, further 
improvements of the oxygen reduction reaction (ORR) activity and durability of Pt/C cathode 
electrocatalysts, which remarkably reduce the cost of PEFC stacking, are indispensable.1-23 There are 
a lot of fundamental researches required to benefit from the ultimate potential of PEFCs. In particular, 
our understanding of the structural kinetics and dynamic behaviors of cathode catalysts relevant to 
molecular-level mechanisms for the performance and long-term durability of MEAs under the harsh 
PEFC operating conditions is still incomplete, which must be understood more thoroughly for 
development of next-generation PEFCs for automobiles. 
However, there are few suitable in situ analysis methods to elucidate the transformations of 
structures and chemical states of cathode catalysts (structural kinetics) with nanometer dimensions 
inside MEA of PEFC at changing cathode voltages, while measuring the current/charge at the cathode, 
where the wet, heterogeneous and multiphasic reaction field involving catalyst nanoparticles, carbon 
supports, ionomers, water and fuel gases prevents spectroscopic techniques from in situ measuring the 
MEA cathode catalysts. X-ray absorption fine structure (XAFS) enabled in situ element-selective 
investigation on the local structures and oxidation states of a supported metal catalyst involving an 
intermediate structure during the course of catalytic reactions by using an in situ XAFS cell.24-27 
Nowadays in situ XAFS techniques are well recognized to be unique and powerful for structural and 
electronic characterizations of supported catalysts under working/operating conditions and more 
explicitly while analyzing the catalysis involving adsorption, diffusion and reactions (often called 
operando).7,26-44 Tada et al. carried out successfully the world's first in situ/operando quick-XAFS 
(QXAFS) observation and thorough analysis of structural kinetics of a PEFC Pt/C cathode 
electrocatalyst in voltage cycling processes (0.4 V ⇆ 1.0 V vs RHE; hereinafter denoted as VRHE).45 
They also developed in situ time-resolved QXAFS for PEFCs to elucidate the dynamic transformations 
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of structures and electronic states of Pt/C, Pt3Co/C and Pt3Ni/C cathode catalysts and to decide 
elementary steps and their rate constants for the chemical events at the cathode catalyst surfaces.46-48  
We also reported that a Pt/Acetylene black (AB) cathode catalyst in PEFC MEA possesses eight 
times higher durability than a Pt/Ketjenblack (KB) cathode catalyst in view of maximum power density, 
and the high durability of the Pt/AB was referred to the higher tolerance to carbon degradation than the 
Pt/KB and the more stable environment of three phase (Pt-AB-ionomer) interface on AB.37  In situ Pt 
LIII-edge XAFS analysis for both MEA Pt/KB and Pt/AB revealed that the surfaces of Pt nanoparticles 
in the cathode layers at 0.4 VRHE were metallic and oxidized to form disordered Pt2+O layers with the 
Pt-O distance of 0.202 nm at 1.4 VRHE.37 The in situ XAFS analysis for the transformations of surface 
structures (Pt-Pt and Pt-O coordination numbers) and electronic states (Pt valence) of both Pt/KB and 
Pt/AB cathode catalysts in the increasing and decreasing voltage operation processes between 0.4 VRHE 
and 1.4 VRHE showed a hysteresis in the transformations.37 These results did not evidence the reason 
and cause of the difference between the Pt/KB and Pt/AB catalysts in the durability, which attempted 
us to investigate the carbon effects on the performance and durability of Pt/C cathode catalysts in 
PEFCs by means of in situ time-resolved QXAFS technique at BL36XU beamline we constructed at 
SPring-8 for fuel cell characterizations under the operating conditions.49  
In the present study we have examined the structural kinetics of the transformations (six elementary 
steps) of the Pt valence and Pt-Pt and Pt-O bonds of Pt/KB, Pt/AB and Pt/MWCNT (multi-walled 
carbon nanotube) in the transient response processes against the voltage jumps 0.4 VRHE ➝1.4 VRHE 
and  1.4 VRHE ➝0.4 VRHE and found the correlations between the rate constants and the ORR activity 
and also between the rate constants and the durability against triangular accelerated durability test 
(ADT) cycles by in situ/operando time-resolved QXAFS at 100 ms time-resolution, while measuring 
the current/charge of the PEFCs with Pt/KB, Pt/AB and Pt/MWCNT cathodes. 
 
2. EXPERIMENTAL 
2.1. MEA cathode catalysts and electrochemical measurements. The three kinds of Pt/C cathode 
catalysts, Pt/Ketjenblack (KB) (TEC10E50E, Tanaka Kikinzoku Kogyo), Pt/Acetylene black (AB) 
provided by a manufacturer and Pt/multi-walled carbon nanotube (MWCNT) (MWCNT: provided by 
a manufacturer), were used as cathode catalysts for PEFCs. The surface areas for the Pt/KB, Pt/AB and 
Pt/MWCNT were estimated to be 385, 437 and 182 m2/g, respectively, and the mean pore diameters 
were estimated to be 9.6, 9.6 and 24.3 nm, respectively.37 The MEAs used in this study were provided 
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by CHEMIX PEFC manufacturing co. Briefly, the cathode catalysts were coated onto MEAs, where 
Naﬁon NR-212 (Sigma-Aldrich) membrane was used as polymer electrolyte and Pd/KB (Tanaka 
Kikinzoku kogyo, TECPd(ONLY)E30; Pd: 29.9 wt%; 0.6 mg-Pd/cm2) was used as an anode catalyst 
to avoid interference against XAFS measurements of the Pt/C cathodes. To avoid structural influences 
on MEA performances, all three types of cathode catalysts were hot-pressed onto the identical Nafion 
membrane, using identical binder and anode catalysts. The electrode catalyst areas in the MEAs were 
3×3 cm2, and the Pt loadings at the cathode in MEA for Pt/KB, Pt/AB and Pt/MWCNT were 0.6 mg-
Pt cm-2 (Pt: 46.1 wt%) (TEC10E50E), 0.64 mg-Pt cm-2 (Pt: 40.0 wt%) and 0.6 mg-Pt cm-2 (Pt: 40.0 
wt%), respectively. The prepared MEAs were sandwiched in a home-made XAFS cell using Viton® 
gaskets of 0.15 mm thickness, gas diffusion layers (GDL) and separator-plates (bipolar plates) with 
serpentine-shape type flow channels for both anode and cathode sides.  
The cathode was connected as working electrode and the anode (hydrogen-fed) served as combined 
counter and reference electrode. All potentials are referred to this pseudo hydrogen reference electrode 
(RHE). The gas flows of H2 (99.99999%; 150 sccm) for anode and N2 (99.99995%; 300 sccm) or dry 
air (99.99995%; 900 sccm) for cathode were regulated by mass-flow controllers and were bubbled 
through humidifiers at 351 K. The humidified gases were supplied to the in situ XAFS cell heated at 
353 K, resulting in ~ 93% relative humidity (RH). The MEAs in the XAFS cell were conditioned by 
150 aging cycles with a sequence of step-wise galvanostatic current steps every 6 s from open circuit 
voltage (OCV) to a potential near 0.3 VRHE in H2 (anode) and air (cathode) operating atmospheres. The 
samples conditioned by the aging treatment are denoted as activated samples hereinafter. The cathode 
degradation was carried out by accelerated durability test (ADT) cycles with a triangular wave between 
1.0 and 1.5 VRHE at 0.5 V s-1 in H2 (anode) and N2 (cathode) operating atmospheres. Cyclic 
voltammograms (CVs) and I-V loads under were measured after the aging treatment and ADT cycles. 
The CV measurements in in situ PEFC conditions were conducted between 0.05 and 0.9 VRHE at 20 
mV s-1 in H2 (anode) and N2 (cathode) operating atmospheres. The electrochemical surface areas 
(ECSAs) of the cathode catalysts in MEAs at 353K were calculated by charge density of H2 adsorption 
on a Pt surface (210 C/cm-Pt2) in the H2 underpotential deposition region (0.05 V– ca. 0.4 V of the 
onset of the double-layer region). 36,37 
 
2.2. In situ/operando time-resolved XAFS measurements and XAFS data analysis. The series of in 
situ/operando time-resolved XAFS spectra at Pt LIII-edge for Pt/KB, Pt/AB and Pt/MWCNT cathode 
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catalysts in PEFC MEAs under transient potential operations (anode: H2; cathode: N2 or air; 353 K; 
~93% relative humidity) were measured in a transmission mode at BL36XU station in SPring-8 using 
ion chambers (I0: Ar 15%/N2 85%; It: N2 100%) for incident and transmitted X-rays, respectively and 
using a Si(111) double-crystal monochromator as shown in ESI Figure S1.38 In ESI Figure S1 the 
experimental setup for in situ time-resolved XAFS measurements by a home-made XAFS cell, while 
measuring the current/charge of PEFC during the potential operating processes, is illustrated.35-38 The 
BL36XU beamline with several XAFS systems for characterization of fuel cells with the highest-level 
performances was constructed by our group under a NEDO program.49 The cell voltage was changed 
from the open-circuit voltage (OCV) to 0.4 VRHE, where the voltage was kept for 300 s, followed by 
the rapid voltage jump from 0.4 VRHE to1.4 VRHE (at time=zero for the transient voltage up process), 
and this voltage was kept for 300 s, and then reversely, the cell voltage was jumped rapidly from 1.4 
VRHE to 0.4 VRHE (at time=zero for the transient voltage down process) as shown in ESI Figure S2. The 
transient responses of the MEA cathode catalysts against the voltage cycling operations were measured 
by QXAFS at a time resolution of 100 ms for 30 s from 10 s before each voltage jump (ESI Figure S2).  
QXANES and QEXAFS spectra were analyzed in the similar way to the previous reports,7,38,46-48 
using the Larch code containing the IFEFFIT Package ver.2 (Athena and Artemis).27,50 The white line 
peaks of normalized QXANES spectra were analyzed by curve ﬁtting with a Lorentzian function and 
an arctangent function. Error ranges of the QXANES curve fitting were estimated as 95% confidence 
intervals. Background subtraction in the QEXAFS analysis was performed using Autobk.51 The 
Victoreen function was employed for the background subtraction and the spline smoothing method 
with Cook and Sayers criteria was used as the 0 method. The extracted k2-weighted EXAFS 
oscillations were Fourier-transformed to R-space over k = 30–110 nm-1, and the curve fittings were 
performed in the R-space (0.13–0.32 nm). The effect of k-range on the EXAFS analysis results is 
described in ESI page S18. The fitting parameters for each shell were coordination number (CN), 
interatomic distance (R), Debye-Waller factor (σ2), and correction-of-edge energy (∆E0). The phase 
shifts and amplitude functions for Pt-Pt and Pt-O were calculated from the FEFF 8.4 code using 
structural parameters obtained from the crystal structures of Pt and PtO.52 The amplitude reduction 
factor (S02) for Pt-Pt bonds in this study was estimated to be 0.836 by analyzing Pt foil. Error ranges 
of the curve-fitting analysis of EXAFS Fourier transforms were based on the definition of the Larch 
code.50 The quality of the observed 100 ms time-resolved QEXAFS data was good enough for 
achieving the curve-fitting analysis, but when the error ranges of 100 ms-resolved QXAFS analysis 
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were large and scattered, three 100 ms-resolved QXAFS spectra (100 ms x 3) were merged for the 
QXAFS analysis. 
 
2.3. Rate constant decision. The white line peak intensity (area) of the Pt LIII-edge QXANES and the 
coordination number (CN) and interatomic distance (R) of Pt-Pt and Pt-O, respectively and the 
current/charge variation of PEFC MEA recorded on the electrochemical P/G stat were plotted against 
time (t) in the transient response processes under the potential jump of 0.4 VRHE →1.4 VRHE and 1.4 
VRHE →0.4 VRHE. The rate constants for the electrochemical and surface chemical reaction processes 
determined from the time change in the above parameters were estimated by data fitting using an 
exponential function for the QXAFS analysis data or a linear combination of two exponential functions 
for the current/charge variation, taking into account the error weighting given by the inverse of the 
error. The data fitting with one or two exponential functions for the change of each parameter against 
time (t) was performed for the period of 0–20 s after the voltage was jumped (0.4 VRHE  → 1.4 VRHE 
and 1.4 VRHE  → 0.4 VRHE). The fitting equation by an exponential function is typically given by eq. 
(1), where u and d denote potential up and down processes, respectively, y is an experimentally 
determined constant, and k1 is a rate constant. It is to be noted that the analysis of QXAFS data by 
exponential functions to determine the first-order rate constants is independent of Pt quantity and Pt 
utilization in MEAs and reflects the dynamic changes of the Pt valence and coordination structure in 
the transient response processes against the potential operations.                         
 
(1) 
 
 
3.  RESULTS AND DISCUSSION 
3.1. Mass activities and surface specific activities of Pt/KB, Pt/AB, and Pt/MWCNT in PEFC.   
By increasing triangular 1.0-1.5 VRHE ADT cycles the initial maximum power densities for Pt/KB, 
Pt/AB, and Pt/MWCNT in PEFC MEAs decreased to about 55-60% of each initial value after 1000 
ADT cycles for Pt/KB and 5000 ADT cycles for Pt/AB and Pt/MWCNT. Hence, in this study the 
activated samples after the conditioning (aging) treatment and the degraded samples after the ADT 
cycles were compared to each other to explore the key structural kinetics for the ORR activity and 
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durability of the three Pt/C cathode catalysts and to understand the carbon effects on the Pt/C 
electrocatalysis in PEFC.  
   Mass activities (MA: current per mg-Pt) and surface specific activities (SA: current per cm2-Pt ) for 
the Pt/KB, Pt/AB and Pt/MWCNT cathode catalysts in MEAs were calculated from the kinetic 
activities evaluated by semi-logarithmic plots of I-V polarization curves using the current densities at 
0.9 VRHE as shown in ESI Figures S3-S5, at which voltage the mass transport losses can be 
neglected.53,54 The MA and SA values are listed in Table 1, where electrochemical surface areas 
(ECSAs) estimated from the hydrogen desorption and adsorption areas in CVs are also shown.35-38 The 
results indicate a significant effect of the kind of carbon supports on the activity and durability of the 
MEAs. The XRD patterns and TEM images revealed that the Pt nanoparticles of the three Pt/C cathode 
catalysts possessed similar dimensions around 2.9 nm ± 0.5 nm on average as reported in our previous 
study.37 It is known that the ORR activity of Pt/C electrocatalysts changes with Pt particle size.35,38 
Thus, we can avoid the particle size effect from the present discussion on the structural kinetics of 
elementary steps for the ORR to uncover the key issue and origin of the difference in the cathode 
activity among the Pt/KB, Pt/AB and Pt/MWCNT catalysts (MA and SA: Pt/KB > Pt/AB >  
Pt/MWCNT (Table 1)). After the ADT cycles for Pt/KB, Pt/AB and Pt/MWCNT, the Pt nanoparticle  
Table 1. Mass activities and surface specific activities of Pt/KB, Pt/AB and Pt/MWCNT in MEAs, 
and their relative activities normalized to the aging Pt/MWCNT and to each aging catalyst 
Measured values
Pt/KB Pt/AB Pt/MWCNT
activated ADT1000 activated ADT5000 activated ADT5000
mass activity 
/ A mg-1Pt
0.02 0.0061 0.0087 5.65E-04 0.0038 0.0053
specific activity 
/ µA cm-2Pt
39.7 24.9 24.3 3.1 14.8 38.2
ECSA/ m2 g-1Pt 48.8 25.3 40.9 18.3 27.5 14.6
Relative values, normalized to those of the activated Pt/MWCNT
Pt/KB Pt/AB Pt/MWCNT
activated ADT1000 activated ADT5000 activated ADT5000
mass activity 5.26 1.61 2.29 0.15 1.00 1.39
specific activity 2.68 1.68 1.64 0.21 1.00 2.58
Relative values, normalized to each activated catalyst, respectively
Pt/KB Pt/AB Pt/MWCNT
activated ADT1000 activated ADT5000 activated ADT5000
mass activity 1.00 0.31 1.00 0.06 1.00 1.39
specific activity 1.00 0.63 1.00 0.13 1.00 2.58
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size increased to 6.5 nm ±1.5 nm for all cathode catalysts, and hence we can compare the time-resolved 
QXAFS data for the degraded Pt/C samples with the similar Pt nanoparticle sizes to discuss on the key 
structural kinetics most relevant to the durability of MEA Pt/C cathode catalysts.  
 
3.2. In situ time-resolved Pt LIII-edge QXAFS analysis of the Pt/KB, Pt/AB and Pt/MWCNT.  
3.2.1. Potential-dependent surface structures of Pt nanoparticles at the cathodes. Figure 1 and 
Figure 2 show the series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and 
QEXAFS Fourier transforms (every 300 ms (100 ms x3, merged)), respectively, for Pt/AB in PEFC 
MEAs as a typical cathode catalyst after the conditioning (activating) and ADT cycles in the transient 
potential operation processes (0.4 VRHE → 1.4 VRHE and 1.4 VRHE→ 0.4 VRHE) under H2(anode)-
N2(cathode). The series of in situ time-resolved Pt LIII-edge QXANES spectra and QEXAFS Fourier 
transforms for the three MEA cathode catalysts, Pt/KB, Pt/AB and Pt/MWCNT, under both H2(anode)-
N2(cathode) and H2(anode)-air(cathode) are shown in ESI Figures S6-S8 and ESI Figures S9-S11, 
respectively. The white line intensities (peak areas) in the QXANES spectra for Pt/KB, Pt/AB and 
Pt/MWCNT after the conditioning (activating) and ADT cycles, which reflect a Pt valence of the Pt/C 
cathodes,35-38 were estimated by curve ﬁtting with a Lorentzian function and an arctangent function as 
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Figure 1. The series of in-situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) for 
Pt/AB after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential jump 
processes under H2(anode)-N2(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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shown in ESI Figure S12, where the QXANES spectra and curve fittings at 0.4 VRHE and 1.4 VRHE are 
typically presented.  Oxidation of Pt is clear at 1.4 VRHE for all three catalysts, as indicated by the 
increase in the Pt LIII-edge QXANES white line intensity compared to that in the metallic state at 0.4 
VRHE. 
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Figure 2. The series of Fourier transforms of in-situ time-resolved Pt LIII-edge QEXAFS spectra (every 
300 ms) for Pt/AB after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential jump 
processes under H2(anode)-N2(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure 3. k2-weighted Pt LIII-edge QEXAFS oscillations (a) and their associated Fourier transforms (b) (100 ms
x3, merged) for Pt/MWCNT after the conditioning (activating) (A) and ADT 5000 cycles (B) at 0.4 VRHE (1) 
and 1.4 VRHE (2) under H2 (anode) -N2 (cathode) flow. Fitting curves: dashed; Fitting ranges: 30 – 110 nm
-1 for 
Dk and 0.13 – 0.32 nm for DR. 
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Figure 3 and ESI Figures S13-15 show the k2-weighted QEXAFS oscillations and their associated 
Fourier transforms (every 300 ms (100 ms x3, merged)) for the Pt/KB, Pt/AB and Pt/MWCNT cathode 
catalysts in activated and ADT-degraded PEFC MEAs typically under the H2 (anode) -N2 (cathode) 
operating conditions at 0.4 VRHE and 1.4 VRHE. The structural parameters of the local coordination of 
the Pt/KB, Pt/AB and Pt/MWCNT in MEAs were determined by the curve fitting analysis of the Pt 
Table 2. Curve-fitting results of the k2-weighted QEXAFS data for Pt/KB, Pt/AB and Pt/MWCNT
in MEAs after the conditioning (activating) and ADT cycles in H2-N2
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 10.0 ± 0.7 0.538 ± 0.067 5.1 ± 0.9 0.275 ± 0.001 0.5
1.4
Pt-Pt 5.1 ± 1.7 0.693 ± 0.442
5.3 ± 1.8
0.274 ± 0.001
0.8
Pt-O 2.2 ± 0.5 0.463 ± 0.188 0.202 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 11.0 ± 1.4 0.746 ± 0.110 5.3 ± 1.3 0.275 ± 0.001 1.2
1.4
Pt-Pt 6.5 ± 1.0 0.602 ± 0.121
4.8 ± 1.1
0.276 ± 0.001
0.4
Pt-O 1.3 ± 0.4 0.646 ± 0.266 0.200 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 10.4 ± 1.8 0.678 ± 0.158 4.5 ± 2.0 0.275 ± 0.001 2.4
1.4
Pt-Pt 6.1 ± 1.0 0.799 ± 0.156
4.5 ± 1.1
0.275 ± 0.001
0.3
Pt-O 2.1 ± 0.31 0.648 ± 0.175 0.201 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 10.3 ± 0.9 0.648 ± 0.066 3.9 ± 0.8 0.276 ± 0.001 0.4
1.4
Pt-Pt 8.8 ± 1.9 0.665 ± 0.177
3.4 ± 1.7
0.275 ± 0.001
1.0
Pt-O 0.7 ± 0.6 0.538 ± 0.759 0.198 ± 0.003
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 11.0 ± 0.7 0.635 ± 0.055 4.5 ± 0.7 0.275 ± 0.00１ 0.3
1.4
Pt-Pt 8.5 ± 0.6 0.546 ± 0.068
1.2 ± 0.7
0.273 ± 0.00１
0.2
Pt-O 0.8 ± 0.1 0.015 ± 0.146 0.196 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4 Pt-Pt 11.0 ± 0.8 0.513 ± 0.063 3.6 ± 0.9 0.274 ± 0.001 0.4
1.4
Pt-Pt 8.4 ± 1.2 0.476 ± 0.105
2.7 ± 1.2
0.275 ± 0.001
0.4
Pt-O 0.9 ± 0.4 0.397 ± 0.527 0.199 ± 0.002
(1) Pt/KB (activated)
(2) Pt/KB (ADT 1000)
(3) Pt/AB (activated)
(4) Pt/AB (ADT 5000)
(5) Pt/MWCNT (activated)
(6) Pt/MWCNT (ADT 5000)
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LIII-edge QEXAFS Fourier transforms (Figure 3 and ESI Figures S13-15).  The determined structural 
parameters are listed in Table 2.  
For the cathode catalysts at 0.4 VRHE in the activated samples only Pt-Pt bonds at 0.275 ±0.001 nm 
were observed, indicating the metallic state of Pt nanoparticles on KB, AB and MWCNT supports in 
the activated samples. The coordination numbers (CN) of Pt-Pt were 10.0 ± 0.7 for Pt/KB, 10.4 ±1.8 
for Pt/AB, and 11.0 ±0.7 for Pt/MWCNT, respectively as shown in Table 2. The observed CN(Pt-Pt) 
values well coincide with 10.8 expected from the Pt nanoparticle size of 2.9 nm ±0.5 nm.38 The Pt 
nanoparticles with 2.9 nm dimension are regarded to constitute approximately 6 Pt layers (the sixth, 
fifth, fourth, third, second, and first layers and a central atom), assuming sphere structures with the fcc 
arrangement (d111 (interplanar spacing) ~0.226 nm), and hence the CN(Pt-Pt) is estimated to be 10.8 
by the equation, CN(Pt-Pt)=(12*(12+22+32+42+52)+9*62)/ (12+22+32+42+52+62)=10.8, where 12 is the 
CN of Pt atoms in fcc Pt bulk(1st-5th Pt layer) and 9 is the CN of Pt atoms at the outermost surface (6th 
Pt layer).35,37,38 Here, we follow the previous estimation approach to the average CNs. Accurate CNs 
for crystalline (cubo-octahedral, cubic, etc.) metal nanoparticles have been discussed in detail.55-57 It 
is, in general, hard to detect the interface bonding like Pt-C between Pt nanoparticles and carbon 
surfaces due to mismatch of the lattice parameters and disordered/amorphous carbon surfaces involving 
different Pt-C interatomic distances and diminishing Pt-C contribution. 
At 1.4 VRHE, the Fourier transforms of the QEXAFS data for the activated samples were fitted with 
two shells of Pt-Pt at 0.273-0.274 ±0.003 nm and Pt-O at 0.196-0.202 ±0.003 nm (Table 2), indicating 
the oxidation of the Pt catalyst surface as reported previously for Pt/KB, Pt3Co/KB, Pt3Ni/KB, 
SnO2/Pt/KB and SnO2/Pt3Co/KB.6,7,35-38,45-48 The CN(Pt-Pt) and CN(Pt-O) for Pt/KB, Pt/AB and 
Pt/MWCNT were determined to be 5.1 ±1.7 and 2.2 ± 0.5, 6.0 ±1.0 and 2.1 ±0.31, and 8.5 ±0.6 and 
0.8 ±0.1, respectively (Table 2). From the CN(Pt-Pt) and CN(Pt-O) we estimated the surface structures 
of Pt nanoparticles on KB, AB and MWCNT at 1.4 VRHE in a similar way to that described in our 
previous study.35,38 When adsorbed oxygen atoms are located only at the Pt surface, almost no CN(Pt-
Pt) should change, but actually the CN(Pt-Pt) decreased drastically from 10.8 to 5.1-8.5, which 
indicates the existence of both surface oxygen and subsurface oxygen, forming a surface Pt2+O layer. 
6,7,35-38,45-548 The aspect is compatible with the previous reports.58,59 The observed Pt-O bond distances 
of 0.196-0.202 ±0.003 nm (Table 2) are similar to 0.200 nm for tetragonal PtO phase as shown in 
Figure 4.  By assuming a full coverage of tetragonal PtO phase at the Pt nanoparticle surface (Figure 4 
(b)), the CN(Pt-Pt) and CN(Pt-O) values are estimated to be 6.4 and 2.1, respectively by the equations, 
 12 
CN(Pt-Pt)= 12*(12+22+32+42)*x/(12+22+32+42+52+62)+9*52*x/(12+22+32+42+52+62)=6.4 and CN(Pt-
O)= (62*x*4+52*x*2)/(12+22+32+42+52+62) =2.1, where x is 1 (at full coverage). These values 
reproduce the observed CN values for Pt/KB and Pt/AB (Table 2). However, there may exist some 
distortion of the second Pt layer by the existence of the subsurface oxygen atoms, resulting in the 
smaller CN(Pt-Pt) values a little than the calculated ones. As for the Pt/MWCNT, the observed CN(Pt-
Pt) of 8.5 and the observed CN(Pt-O) of 0.8 were larger than 6.4 and smaller than 2.1, respectively 
expected from the full coverage of PtO phase, indicating a partial coverage of PtO phase. When the 
PtO coverage is half (x=1/2) at the surface (Figure 4 (c)), the estimated CN(Pt-Pt) and CN(Pt-O) are 
8.6 and 1.07, respectively, which agree with the observed values 8.5 ±0.6 and 0.8 ±0.1, respectively. 
The potential dependent surface structures at 0.4 VRHE and 1.4 VRHE for Pt/KB, Pt/AB and Pt/MWCNT 
are illustrated in (a) and (b) and (a) and (c) of Figure 4, respectively. The observed XANES spectra 
were well reproduced by a linear combination of Pt foil and Pt2+O similar to the previous work.35 
The structural parameters under H2 (anode) - Air (cathode) are summarized in ESI Table S1. 
Besides Pt-Pt contribution, Pt-O contribution (CNs of Pt-O: 0.2 -0.5) was also observed with Pt/KB, 
Pt/AB and Pt/MWCNT at 0.4 VRHE. The CNs of Pt-Pt for the three cathode catalysts at the ORR steady 
 
Carbon support
(b) 1.4 VRHE
PtO phase
(disordered)
Pt
(c) 1.4 VRHE
PtO phase
Carbon support
Pt
Adsorbed
oxygen atom
Carbon support
0.4 VRHE
Pt
(a)
Metallic surface
Pt
O
Pt
PtO unit cell
Figure 4. Potential-dependent surface structures of Pt nanoparticles in Pt/KB, Pt/AB and Pt/MWCNT 
cathodes at 0.4 VRHE and 1.4 VRHE.  (a) Pt/KB, Pt/AB and Pt/MWCNT at 0.4 VRHE. (b) Pt/KB and Pt/AB at 
1.4 VRHE. (c) Pt/MWCNT at 1.4 VRHE. A tetragonal PtO unit cell with a dashed gray circle in the adjacent 
cell is also shown; Pt-O: 0.200 nm, CN(Pt-O): 4.
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state under H2 (anode) - Air (cathode) were almost the same as the corresponding CNs under H2 (anode) 
- N2 (cathode) at 0.4 VRHE, which means that the adsorbed oxygen species are located only at the Pt 
surface under H2 (anode) - Air (cathode) flow. At 1.4 VRHE the CN(Pt-Pt) and CN(Pt-O) for Pt/KB, 
Pt/AB and Pt/MWCNT were estimated to be 5.0 ± 1.2 and 1.7 ± 0.3, 5.4 ± 1.0 and 1.5 ± 0.3, and 8.5 ± 
0.7 and 0.9 ± 0.2, respectively by the QEXAFS curve fitting analysis. These values are almost the same 
as those for the corresponding catalysts under H2 (anode) - N2 (cathode), respectively, indicating the 
similar surface structures and electronic state of Pt nanoparticles under both cathode gas conditions at 
1.4 VRHE. In air the ORR at the cathode proceeds steadily, and the QXAFS spectra reflect the local 
coordination and electronic state of the Pt catalysts under the steady-state ORR conditions.50,51 
The Pt nanoparticles in Pt/KB, Pt/AB and Pt/MWCNT grew to 6.5 nm ±1.5 nm (~14 Pt layers) 
after the ADT cycles. Similar to the cases of activated samples, the CN(Pt-Pt) at 0.4 VRHE was estimated 
to be 11.4 (ESI), which reproduces the observed CN(Pt-Pt) values under H2 (anode) - N2 (cathode) (the 
values under H2 (anode) - Air (cathode) in bracket); 11.0 ±1.4 (10.7 ±1.2), 10.3 ±0.9 (10.3 ±1.0) and 
11.0 ± 0.8 (10.1 ± 1.7), respectively for Pt/KB (ADT 1000), Pt/AB (ADT 5000) and Pt/MWCNT (ADT 
5000) (Table 2 and Table S1). At 1.4 VRHE, the CN(Pt-Pt) and CN(Pt-O) were estimated to be 9.4 and 
1.1, respectively (ESI), which also totally reproduce the observed CN(Pt-Pt) and CN(Pt-O) values 
under H2 (anode) - N2 (cathode) (under H2 (anode) - Air (cathode) in bracket); 6.5 ±1.0 (7.2 ±1.4) and 
1.3 ±0.4 (1.2 ±0.4), 8.8 ±1.9 (9.5 ±1.4) and 0.7 ±0.6 (0.7 ±0.4), and 8.4 ±1.2 (8.1 ±1.4) and 0.9 ±0.4 
(0.9 ±0.6), respectively for Pt/KB (ADT 1000), Pt/AB (ADT 5000) and Pt/MWCNT (ADT 5000). The 
smaller CN(Pt-Pt) may indicate some distortion at the13th Pt layer underneath the PtO phase. These 
results reveal the similar surface structures of Pt nanoparticles under both cathode gas conditions at 0.4 
VRHE and 1.4 VRHE (Figure 4) except the partial presence of surface oxygen species at 0.4 VRHE under 
H2 (anode) - Air (cathode). 
 
3.2.2. In situ time-resolved Pt LIII-edge QXAFS analysis under transient potential operations. 
The ORR activity of the cathode catalysts in automotive PEFCs under the practical potential changing 
processes may be related to the structural kinetics of elementary reaction steps (the rate constants (k 
and k’) of structural and electronic transformations) at the cathode Pt surface in the transient potential 
operations, involving charging (kvalence)/discharging (k’valence) of cathode Pt nanoparticles, Pt-O bond 
formation (kPt-O)/dissociation (k’Pt-O) and Pt-Pt bond dissociation (kPt-Pt)/rebonding (k’Pt-Pt), which can 
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be determined by in situ time-resolved QXAFS, while measuring the electrochemical current/charge 
simultaneously.7,27,38,45-48  
The temporal variations in the electronic and structural parameters of the Pt/KB, Pt/AB and 
Pt/MWCNT cathode catalysts in MEAs during the transient voltage cycling processes (0.4 VRHE → 1.4 
VRHE → 0.4 VRHE) under H2 (anode) - N2 (cathode) and H2 (anode) - Air (cathode) were investigated 
by in situ time-resolved Pt LIII-edge QXAFS. The series of both QXANES spectra and Fourier 
transforms of k2-weighted QEXAFS oscillations at Pt LIII-edge for the Pt/KB, Pt/AB and Pt/MWCNT 
cathodes after the conditioning (activating) and ADT cycles under the transient potential operation in 
H2 (anode) - N2 (cathode) and H2 (anode) - Air (cathode) were obtained as shown in Figure 1, Figure 
2 and ESI Figures S6-S8, and ESI Figure S9-S11, respectively. In the voltage change from 0.4 VRHE to 
1.4 VRHE, the white line peak intensity (Pt valence) increased with time, and in the reverse transient 
process from 1.4 VRHE to 0.4 VRHE the white line peak intensity (Pt valence) decreased with time. The 
curve-fitting analysis of the series of QEXAFS Fourier transforms revealed the formation of Pt-O 
bonds (increase of CN(Pt-O)) and the dissociation of Pt-Pt bonds (decrease of CN(Pt-Pt)) in the 
transient process from 0.4 VRHE to 1.4 VRHE, and reversely the dissociation of the formed Pt-O bonds 
(decrease of CN(Pt-O)) and the reformation of the dissociated Pt-Pt bonds (increase of CN(Pt-Pt)) 
proceeded in the transient process from 1.4 VRHE to 0.4 VRHE.  
The transient responses of the white line peak intensity (peak areas) determined by the time-
resolved QXANES analysis (every 100 ms or 300 ms (100 ms x3, merged)) and the CNs of Pt-Pt and 
Pt-O bonds determined by the time-resolved QEXAFS analysis (every 100 ms or 300 ms (100 ms x3, 
merged)) for the Pt/KB, Pt/AB and Pt/MWCNT cathodes in MEAs after the conditioning (activating) 
and ADT cycles were plotted against the time before and after the potential operation in Figures 5, 6 
and 7, respectively, where the transient potential steps 0.4 VRHE → 1.4 VRHE and 1.4 VRHE → 0.4 VRHE 
were operated at time zero. The current in the cell recorded on the potentiostat/galvanostat (P/G stat) 
system changed immediately after the potential change, whose results are also shown in Figures 5, 6 
and 7, respectively. The actual electrochemical reactions in the cell due to the voltage change were 
estimated by subtracting the background oxidation in the cell.46 The transient response profiles in the 
white line peak area (proportional to Pt valence), CN(Pt-Pt), CN(Pt-O), and cell currents for the Pt/KB, 
Pt/AB and Pt/MWCNT catalysts were successfully fitted with an exponential function (eq.1) for the 
electronic and structural parameter profiles and with two exponential functions for the current profiles 
as shown by blue dashed curves in Figures 5, 6 and 7, respectively. The coefficient k1in the 
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exponential function (eq. 1) corresponds to the rate constant of the chemical reaction event at the Pt 
cathode surface. The determined rate constants are influenced not by the Pt quantity and Pt utilization 
in MEAs but by the working state of active Pt nanoparticles. This may be an advantage of the XAFS 
analysis of active catalyst itself over macroscopic electrochemical analysis. The estimated rate 
constants (k and k’ for the potential up and down, respectively) for the electrochemical reactions 
(measured every 20 ms) and the electronic (Pt valence) and structural (CN(Pt-Pt) and CN(Pt-O)) 
changes (measured every 100 ms) at the Pt/KB, Pt/AB and Pt/MWCNT in MEAs after the conditioning 
(activating) and ADT cycles in the potential operations under H2(anode)-N2(cathode) with a relative 
humidity of ~ 93% at 353 K (cell temp.) are listed in Table 3, and the 10 elementary reaction steps and 
their rate constants for the three activated catalysts are also summarized in Figure 8 (the data after ADT 
cycles are not shown to avoid crowdedness). The Pt valence change, the CN(Pt-Pt) change and the 
CN(Pt-O) change were much slower than the current/charge response (the faster exponential 
coefficient). The similar aspect has been indicated with the rate constants for the surface reaction steps 
on the samples, Pt/KB, Pd@Pt(1 ML)/KB, Pd@Pt(2 ML)/KB, Pt3Co/KB and Pt3Ni/KB.38,45-48 The 
slower surface Pt oxide formation than the electrochemical current/charge response during square- 
 
Figure 5. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), 
and current for Pt/KB after the conditioning (activating) (A) and ADT 1000 cycles (B) in the voltage up 
(0.4 VRHE - 1.4 VRHE) and down (1.4 VRHE - 0.4 VRHE) cycles under H2(anode)-N2(cathode); Cell 
temp.: 353 K, Relative humidity: ~ 93%. (A) every 100 ms; (B) every 300 ms.
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Figure 6. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), 
and current for Pt/AB after the conditioning (activating) (A) and ADT 5000 cycles (B) in the voltage up 
(0.4 VRHE - 1.4 VRHE) and down (1.4 VRHE - 0.4 VRHE) cycles under H2(anode)-N2(cathode); Cell 
temp.: 353 K, Relative humidity: ~ 93%. Time resolution: see Table 3.
Figure 7. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), and 
current for Pt/MWCNT after the conditioning (activating) (A) and ADT 5000 cycles (B) in the voltage up 
(0.4 VRHE - 1.4 VRHE) and down (1.4 VRHE - 0.4 VRHE) cycles under H2(anode)-N2(cathode); Cell temp.: 
353 K, Relative humidity: ~ 93%. Time resolution: see Table 3.
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wave cycling from 0.87 to 1.2 VRHE in PEFC has also been estimated by a mathematical model.60 The 
bond distances R(Pt-Pt) and R(Pt-O) did not change during the transient response processes.  
Consequently, in both potential operations the faster electrochemical process took place first, followed 
by the relatively slower electrochemical process, and in the similar time-scale to the slower 
electrochemical process the electronic and structural changes in the Pt catalysts (Pt 
charging/discharging, Pt-O bond formation/dissociation, and Pt-Pt bond dissociation/reformation)   
proceeded. 
It is to be noted that there existed an isosbestic point around 11.570 keV in a series of XANES 
spectra for Pt/KB, Pt/AB and Pt/MWCNT similar to the previous Pt/C and PtM/C samples.35 The 
presence of the isosbestic point indicates the direct transformation between an initial electronic state 
of Pt atoms at 0.4 VRHE and a final electronic state at 1.4 VRHE without any stable intermediate states 
in the transient response process. The isosbestic point in the XANES spectra was observed in both 
Table 3. Rate constants (k and k’) for the electrochemical reactions and the electronic (Pt valence) and structural (CN(Pt-
Pt) and CN(Pt-O)) changes at Pt/KB, Pt/AB and Pt/MWCNT cathodes in MEAs after the conditioning (activating) and 
ADT cycles in the potential operations under H2(anode)-N2(cathode); Cell temp.: 353 K, Relative humidity: ~ 93%
Pt/KB Pt/AB Pt/MWCNT
Activated ADT 1000 Activated ADT 5000 Activated ADT 5000
kvalence (1) and k’valence (2) in s
-1
(1) 0.4 V -> 1.4 V 1.92± 0.153a 0.81 ± 0.109b 0.692 ± 0.0737a 0.672 ± 0.217a 0.853 ± 0.143b 0.647 ± 0.287b
(2) 1.4 V -> 0.4 V 2.17 ± 0.287a 0.41 ± 0.0375b 2.76 ± 0.364b 1.49 ± 0.461b 2.10 ± 0.373b 1.11 ± 0.447b
kPt-Pt (1) and k’Pt-Pt (2) in s
-1
(1) 0.4 V -> 1.4 V 1.87 ± 0.608a 1.06 ± 0.407b 0.664 ± 0.231b 0.739 ± 0.629b 1.12 ± 0.692b 1.02 ± 0.721b
(2) 1.4 V -> 0.4 V 1.59 ± 0.48a 0.236 ± 0.0685b 2.41 ± 1.43b 0.85 ± 0.352b 0.748 ± 0.395b 0.829 ± 0.525b
kPt-O (1) and k’Pt-O (2) in s-1
(1) 0.4 V -> 1.4 V 1.82 ± 0.236a 0.852 ± 0.122b 0.879 ± 0.122b 1.00 ± 0.501b 0.842 ± 0.177b 1.16 ± 0.512b
(2) 1.4 V -> 0.4 V 2.05 ± 0.304a 0.273 ± 0.0325b 1.68 ± 0.309b 1.47 ± 0.689b 1.03 ± 0.199b 1.18 ± 0.975b
ke (1) and k’e (2) in s-1
(1) 0.4 V -> 1.4 V
1.66 ± 0.0169c 2.04 ± 0.0204c 1.48 ± 0.0156c 2.47 ± 0.0277c 2.91 ± 0.0424c 3.36 ± 0.0323c
13.5 ± 0.0825c 17.7 ± 0.146c 16.6 ± 0.136c 19.9 ± 0.145c 31.0 ± 0.267c 26.8 ± 0.167c
(2) 1.4 V -> 0.4 V
3.06 ± 0.0169c 1.22 ± 0.00449c 2.48 ± 0.0105c 1.81 ± 0.0136c 0.511 ± 0.083c 3.03 ± 0.0104c
48.2 ± 3.88c 37.6 ± 0.692c 59.0 ± 3.65c 26.4 ± 0.452c 5.0 ± 0.027c (85.2)c,d
XAFS acquisition: (a) every 100 ms and (b) every 300 ms; Current acquisition: (c) every 20 ms; (d) tentative with large error bar.
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increasing and the decreasing voltage operations, which suggests direct and reversible transformation 
between the two electronic states of Pt (metallic and PtO states) at 0.4 VRHE and 1.4 VRHE, respectively. 
It is also notable that the XANES spectra in the transient response processes were well fitted by a linear 
combination of the XANES spectra of Pt0 foil and Pt2+O, which also confirm the transformations of Pt 
nanoparticles between the two states as shown in Figure 8. 
 
 
The structural kinetics (the rate constants of the electronic  and structural transformations: kvalence, 
kPt-Pt and kPt-O, and k’valence, k’Pt-Pt and k’Pt-O) for the transient responses of the Pt valence, CN(Pt-Pt) 
and CN(Pt-O) on the potential operations for the Pt/KB, Pt/AB and Pt/MWCNT cathodes in MEAs is 
shown in Table 3 and Figure 8. As for the activated Pt/KB the rate constants (k) in the potential up 
operation (0.4 VRHE → 1.4 VRHE) were similar to each other, kvalence ≈ kPt-Pt ≈ kPt-O and the rate constants 
(k’) in the potential down operation (1.4 VRHE → 0.4 VRHE) changed in the order, k’valence ≈ k’Pt-O > 
Pt
O
Pt-O bond formation
kPt-O = 1.82 s-1, 0.88 s-1, 0.84 s-1
Pt-Pt bond breaking
kPt-Pt = 1.87 s
-1, 0.66 s-1, 1.12 s-1
Pt charging
kvalence = 1.92 s
-1, 0.69 s-1, 0.85 s-1
Pt-O bond breaking
k'Pt-O = 2.05 s-1, 1.68 s-1, 1.03 s-1
Pt-Pt bond reformation
k'Pt-Pt = 1.59 s-1, 2.41 s-1, 0.75 s-1
Pt discharging
k'valence = 2.17 s
-1, 2.76 s-1, 2.10 s-1
black:  Pt/KB
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blue:  Pt/MWCNT
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Activated Pt/KB:   kvalence ≈ kPt-Pt ≈ kPt-O and k’valence ≈ k’Pt-O > k’Pt-Pt
Activated Pt/AB:   kPt-O > kvalence ≈ kPt-Pt and  k’valence ≈ k’Pt-Pt > k’Pt-O
Activated Pt/MWCNT:   kPt-Pt > kvalence ≈ kPt-O and  k’valence > k’Pt-O > k’Pt-Pt
Figure 8. Reaction processes and their rate constants on Pt/KB (black), Pt/AB (red) and Pt/MWCNT (blue) 
cathode catalysts in activated MEAs in the voltage up (0.4 VRHE - 1.4 VRHE) and down (1.4 VRHE - 0.4 
VRHE) cycle under H2(anode)-N2(cathode). The data after ADT cycles are not shown to avoid crowdedness.
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k’Pt-Pt. For the activated Pt/AB the order of the rate constants (k and k’) were as follows, kPt-O > kvalence 
≈ kPt-Pt and  k’valence ≈ k’Pt-Pt > k’Pt-O. The rate constants for the activated Pt/MWCNT changed in the 
order, kPt-Pt > kvalence ≈ kPt-O and  k’valence > k’Pt-O > k’Pt-Pt. In general, the rate constants in the potential 
down operation were larger than those in the potential up operation though the rate constants k’Pt-Pt for 
Pt/KB and Pt/MWCNT were similar to or a little smaller than the corresponding rate constants kPt-Pt.  
We also examined the structural kinetics of the Pt cathode catalysts for the transient voltage cycling 
processes between 0.4 VRHE and 1.4 VRHE under H2 (anode)-Air (cathode), whose Pt LIII-edge time- 
resolved QXAFS spectra and transient response profiles are shown in ESI Figures S9-S11 and ESI 
Figures S16-S18, respectively. The rate constants are listed in ESI Table S2. Their time scales were 
approximately similar to those under H2 (anode)-N2 (cathode). The surface events and structural 
kinetics at the Pt cathodes under H2 (anode)-Air (cathode) with a cell RH ~ 93% are essentially similar  
to those under H2 (anode)-N2 (cathode) with a cell RH ~ 93%. However, the difference in the structural 
parameters between 0.4 VRHE and 1.4 VRHE in air was smaller than that in N2 particularly for the 
samples after the ADT cycles (ESI Table S1 and Table S2). Hence the structural kinetics under H2 
(anode)-Air (cathode) are not discussed in detail in this paper. 
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3.3. Relationships of the kinetic factors with the PEFC activity and durability. To find the 
structural kinetics  of Pt/KB, Pt/AB and Pt/MWCNT in MEAs most relevant to the ORR activity 
(mass activity (MA) and surface specific activity (SA)), the rate constants kvalence, k’valence, kPt-Pt, k’Pt-
Pt, kPt-O, and k’Pt-O, respectively for Pt charging and discharging, Pt-Pt bond dissociation and 
reformation, and Pt-O bond formation and dissociation, which were determined by in situ time-
resolved QXAFS analysis under H2 (anode)-N2 (cathode), were plotted against the MA and SA in 
Figure 9 (A) and (B), respectively. The rate constants and the activities were referred to those for the 
Pt/MWCNT, respectively. The rate enhancements of the structural kinetics (kvalence, kPt-Pt and kPt-O) 
brought by the different carbon supports in the transient voltage increase (0.4 VRHE → 1.4 VRHE) were 
not proportional to the ORR activity as shown in Figure 9. The rate enhancement (k’Pt-Pt) in the Pt-Pt 
bond reformation step in the transient voltage decrease (1.4 VRHE → 0.4 VRHE) was not proportional 
to the ORR activity, either. However, it was found that the rate enhancement (k’Pt-O) in the Pt-O bond 
dissociation step in the transient voltage decrease (1.4 VRHE → 0.4 VRHE) showed the linear 
relationship with the MA and SA (Figure 9).  The linear relationship between the k’Pt-O and the MA 
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Figure 9. Relationship between the rate constants and the relative mass activities (A) or surface specific activities (B) for 
the Pt/KB, Pt/AB and Pt/MWCNT cathodes in activated MEAs. The rate constants for the Pt/KB and Pt/AB are the relative 
values to those for Pt/MWCNT. The relative mass activities and surface specific activities for the Pt/KB and Pt/AB are the 
relative values to those for Pt/MWCNT. kvalence or k’valence;(1) kPt-Pt or k’Pt-Pt;(2) kPt-O or k’Pt-O.(3)
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and SA was also observed under  H2 (anode)-Air (cathode), and the linearity was also observed with 
the k’valence (not shown here). Thus, the blue dashed straight lines were tentatively drawn in Figure 9 
under H2 (anode)-N2 (cathode). These aspects are similar to the alloy effect on the rate enhancement 
in the preceding work on Pt/KB, Pt3Co/KB and Pt3Ni/KB.47,48 The reduction of oxygen species from 
the Pt surface is known to be key steps in the ORR sequence.12,21,61-63 The present results indicated 
that the ORR rate enhancement is brought from the increase in the rate constants k’Pt-O (main) and 
k’valence, resulting in easy reduction of Pt nanoparticles, which depended on the kind of carbon support. 
The in situ time-resolved QXAFS analysis provided direct information on the key structural kinetics 
of the Pt/C catalysts themselves for thorough understanding of the cathode catalysis toward PEFC 
improvement.  
In addition to improving PEFC activity, long-term durability of the MEA cathode catalysts may be 
a more serious issue for widely spread commercialization of PEFC vehicles. It has been suggested that 
oxidative dissolution of Pt cathode catalysts is caused by a delay in Pt reduction in the practical 
potential changing processes.64,65 We made plots of all rate constants obtained in this study against the 
MAs and SAs for the degraded Pt/KB, Pt/AB and Pt/MWCNT after the ADT cycles, but there was no 
relation among them (e.g. ESI Figure S19). Only the ratio of two rate constants k’Pt-Pt/kPt-Pt showed a 
linear relation with the durability of each cathode catalyst as shown in Figure 10, where the rate 
constants kPt-Pt and k’Pt-Pt for each degraded sample are the relative values to those for each 
corresponding activated sample, respectively. The relative MA and SA of each degraded sample are 
also the relative values to those of each corresponding activated sample. The error range for the ratio 
k’/k was estimated by the equation ESI SI-2 and SI-3, where the error ranges are somewhat large due 
to a fraction (ratio). However, many XAFS measurements were conducted at SPring-8 as seen by a 
number of the beamtime proposal number in ACKNOWLEDGEMENT, and the linear relationship in 
Figure 10 was reproduced. The Pt/KB (ADT 1000), Pt/AB (ADT 5000) and Pt/MWCNT (ADT 5000), 
whose maximum power densities decreased similarly to about 55-60% of the initial values as described 
above, were used as the degraded samples to explore the key factors for the durability of Pt 
nanoparticles on KB, AB and MWCNT. The ratio k’Pt-Pt/kPt-Pt is a dimensionless quantity in contrast to 
the unit of s-1 in the k’Pt-O and k’valence. The frequency (s-1) as an indicator of the ORR activity may be 
convincing, while the measure of durability involves both kPt-Pt and k’Pt-Pt. Thus, the relative easiness 
of the recovery of a smooth metallic Pt surface at 0.4 VRHE from the PtO layer at 1.4 VRHE via the rough  
 
 22 
 
Pt surface, which is brought from the Pt-O bond dissociation,7 is regarded to correlate with the 
durability of the MEA cathodes. The degradation reflects the balance of the rates of the dissociation 
and reformation of Pt-Pt bonds at the Pt surface layer. It should be noted that the present estimation for 
the MEA durability is not the estimation of the speeds of the decreases in the rate constants, MAs, and 
SAs as a function of the number of ADT cycles. In this study we have discussed on the structural 
kinetics under the transient potential operations for the degraded Pt/KB, Pt/AB, and Pt/MWCNT 
cathodes at about 55-60% levels of the initial power densities, which were compared to the structural 
kinetics for the activated Pt/KB, Pt/AB, and Pt/MWCNT. 
     Finally, we examined if there is the key factor in the structural kinetics for the activated cathode 
catalysts, by which we can predict the durability of the cathode catalysts in MEAs without durability 
tests for many hours. We found a good relationship between 1/k’Pt-Pt for the activated MEAs and the 
relative MA and SA as shown in Figure 11 (blue line (1)). The linear relationship was confirmed by 
separate XAFS measurements as mentioned above. The k’Pt-Pt is the rate constants for the Pt-Pt bond 
reformation in the activated Pt/KB, Pt/AB, and Pt/MWCNT under the transient potential operation (1.4 
VRHE → 0.4 VRHE), while the relative MA and SA of each sample are the relative values for the 
degraded samples to the ones for the activated samples. The inverse of k’Pt-Pt means a relaxation time 
(in second) of the Pt-Pt bond reformation process under the transient potential operation (1.4 VRHE →  
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Figure 10. Relationship between the relative mass activities (A) or surface specific activities (B) and k`Pt-Pt/kPt-Pt 
for the Pt/KB, Pt/AB and Pt/MWCNT cathodes in MEAs after the ADT cycles. The rate constants kPt-Pt and k’Pt-Pt
for each sample after the ADT cycles are the relative values to those for each corresponding activated sample, 
respectively. The relative mass activities and surface specific activities for each sample after the ADT cycles are 
the relative values to those for each corresponding activated sample. 
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0.4 VRHE). The larger the relaxation time for the Pt-Pt bond reformation, the longer the durability 
becomes. We also found a good relationship between 1/(k’Pt-Pt+k’Pt-O) and the relative MA and SA as 
shown in Figure 11 (red line (2)). A good linearity was not observed with the 1/k’Pt-O alone, and hence 
the Pt-Pt bond reformation rather than the Pt-O bond dissociation is more relevant to the durability. 
These results demonstrate that the Pt/MWCNT with the largest relaxation time for the Pt-Pt bond 
reformation shows the highest durability. However, the Pt/MWCNT shows the lowest ORR activity 
due to the smallest k’Pt-O among Pt/KB, Pt/AB and  Pt/MWCNT as shown in Figure 9. Materialization 
of decreasing the k’Pt-Pt and increasing the k’Pt-O simultaneously is demanded for improvements of both 
activity and durability, but this may be a dilemma because the Pt-Pt bond reformation and Pt-O bond 
dissociation may not proceed independently. The whole behavior of PEFC performances during the 
triangular ADT cycles should be more complex involving heterogeneous carbon corrosion in addition 
to the structural kinetics of Pt nanoparticles in MEAs. Both time-resolved and spatially-resolved XAFS 
techniques may be powerful for understanding of the more detailed PEFC degradation. Further 
investigation on other different types of cathode catalysts in MEAs is needed to confirm if the present 
approach and conclusion can be universally utilized in the development of PEFC cathode catalysts with 
high durability. 
 
4. CONCLUSIONS 
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Figure 11. Relationship between the relative mass activities (A) or surface specific activities (B) after the ADT 
cycles (Figure 9) and 1/k’Pt-Pt (1) or 1/(k’Pt-Pt+k’Pt-O) (2) for the Pt/KB, Pt/AB and Pt/MWCNT cathodes in 
activated MEAs. The rate constants k’Pt-Pt and k’Pt-O are the values for each activated sample, respectively. The 
relative mass activities and surface specific activities of each sample after the ADT cycles are the relative values 
to those of each corresponding activated sample. 
 24 
We have investigated a series of in situ time-resolved QXAFS spectra (100 ms/spectrum) of Pt/KB, 
Pt/AB, and Pt/MWCNT in PEFC MEAs under transient potential operations (0.4 VRHE → 1.4 VRHE → 
0.4 VRHE), while measuring the electrochemical current/charge at the cathode. The ORR rate 
enhancement depended on the kind of carbon supports. Detailed QEXAFS analysis revealed the 
potential-dependent surface structures at 0.4 VRHE and 1.4 VRHE. The structural kinetics of elementary 
reaction steps at the cathode Pt surface in the transient potential operations under H2 (anode)-N2 
(cathode) and H2 (anode)-air (cathode) was explored to determine the rate constants for charging 
(kvalence)/discharging (k’valence) of cathode Pt nanoparticles, Pt-O bond formation (kPt-O)/dissociation 
(k’Pt-O) and Pt-Pt bond dissociation (kPt-Pt)/reformation (k’Pt-Pt). The rate enhancements (k’Pt-O and 
k’valence) in the Pt-O bond dissociation and Pt valence change processes under the transient potential 
operation (1.4 VRHE → 0.4 VRHE) showed the linear relationship with the mass activity (MA) and 
surface specific activity (SA). It was found that the ratio k’Pt-Pt/kPt-Pt for the degraded MEAs after ADT 
cycles, relative to that for the activated MEAs, showed a linear relationship with the durability of Pt/KB, 
Pt/AB, and Pt/MWCNT. We also found a good relationship between 1/k’Pt-Pt and 1/(k’Pt-Pt+k’Pt-O) for 
the activated MEAs and the relative MAs and SAs for the degraded MEAs. The relaxation time of the 
Pt-Pt bond reformation and Pt-O bond dissociation processes in the activated MEAs may predict the 
relative durability of the similar kinds of cathode catalysts without durability tests. In situ time-resolved 
QXAFS is a promising technique which can aid the further improvement of PEFC performance and 
durability for development of the next-generation PEFCs. 
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Figure S1. Experimental setup for in situ time-resolved XAFS measurements, while measuring the 
current/charge of PEFC during the operating processes. The similar setup and XAFS cell were used in refs. 34-38.
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(100 ms/spectrum). 
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Figure S3. Mass activities and surface specific activities for MEA Pt/KB after the conditioning (activating) 
and ADT 1000 cycles by semi-logarithmic plots of I-V polarization curves.
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Figure S4. Mass activities and surface specific activities for MEA Pt/AB after the conditioning (activating) 
and ADT 5000 cycles by semi-logarithmic plots of I-V polarization curves. 
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Figure S5. Mass activities and surface specific activities for MEA Pt/MWCNT after the conditioning (activating) 
and ADT 5000 cycles by semi-logarithmic plots of I-V polarization curves. S6
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Figure S6. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/KB after the conditioning (activating) (a) and ADT 1000 cycles (b) in the potential 
jump operations under H2(anode)-N2(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE→ 0.4 VRHE.
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Figure S7. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/AB after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential 
jump operations under H2(anode)-N2(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure S8. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/MWCNT after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential 
jump operations under H2(anode)-N2(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure S9. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/KB after the conditioning (activating) (a) and ADT 1000 cycles (b) in the potential 
jump operations under H2(anode)-air(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure S10. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/AB after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential 
jump operations under H2(anode)-air(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure S11. The series of in situ time-resolved Pt LIII-edge QXANES spectra (every 100 ms) and QEXAFS Fourier 
transforms (every 300 ms) for Pt/MWCNT after the conditioning (activating) (a) and ADT 5000 cycles (b) in the potential 
jump operations under H2(anode)-air(cathode). (1) 0.4 VRHE → 1.4 VRHE and (2) 1.4 VRHE → 0.4 VRHE.
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Figure S12. In situ Pt LIII-edge QXANES spectra (100 ms x 3; solid) at 0.4 VRHE (1) and 1.4 VRHE (2) with the 
Lorentzian-arctangent fitting curves (dashed) by eq. (S1) for Pt/C cathodes under H2 (anode) - N2 (cathode) flows. (A) 
Pt/KB activated, (B) Pt/KB ADT 1000, (C) Pt/AB activated, (D) Pt/AB ADT 5000, (E) Pt/MWCNT activated, and (F) 
Pt/MWCNT ADT 5000.
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Figure S13. k2-weighted Pt LIII-edge QEXAFS oscillations (a) and their associated Fourier transforms (b) (100 ms
x3, merged) for Pt/KB after the conditioning (activating) (A) and ADT 1000 cycles (B) at 0.4 VRHE (1) and 1.4 
VRHE (2) under H2 (anode) -N2 (cathode) flow. Fitting curves: dashed; Fitting ranges: 30 – 110 nm
-1 for Dk and 
0.13 – 0.32 nm for DR. 
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Figure S14. k2-weighted Pt LIII-edge QEXAFS oscillations (a) and their associated Fourier transforms (b) (100 ms
x3, merged) for Pt/AB after the conditioning (activating) (A) and ADT 5000 cycles (B) at 0.4 VRHE (1) and 1.4 
VRHE (2) under H2 (anode) -N2 (cathode) flow. Fitting curves: dashed; Fitting ranges: 30 – 110 nm
-1 for Dk and 0.13 
– 0.32 nm for DR. 
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Figure S15. (same as Figure 3). k2-weighted Pt LIII-edge QEXAFS oscillations (a) and their associated Fourier 
transforms (b) (100 ms x3, merged) for Pt/MWCNT after the conditioning (activating)(A) and ADT 5000 cycles 
(B) at 0.4 VRHE (1) and 1.4 VRHE (2) under H2 (anode) -N2 (cathode) flow. Fitting curves: dashed; Fitting ranges: 30 
– 110 nm-1 for Dk and 0.13 – 0.32 nm for DR. 
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Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 9.3 ± 0.9 0.629 ± 0.077
4.5 ± 1.0
0.275 ± 0.001
0.2
Pt-O 0.5 ± 0.6 1.302 ± 1.103 0.201 ± 0.003
1.4
Pt-Pt 5.0 ± 1.2 0.689 ± 0.192
3.4 ± 1.2
0.274 ± 0.001
0.4
Pt-O 1.7 ± 0.3 0.426 ± 0.169 0.200 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 10.7 ± 1.2 0.711 ± 0.090
4.6 ± 1.4
0.276 ± 0.001
0.4
Pt-O 0.3 ± 0.4 0.381 ± 1.705 0.212 ± 0.006
1.4
Pt-Pt 7.2 ± 1.4 0.765 ± 0.163
3.0 ± 1.4
0.274 ± 0.001
0.7
Pt-O 1.2 ± 0.4 0.303 ± 0.329 0.199 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 10.0 ± 1.3 0.650 ± 0.103
5.5 ± 1.6
0.277 ± 0.001
0.5
Pt-O 0.3 ± 0.4 0.075 ± 1.218 0.213 ± 0.004
1.4
Pt-Pt 5.4 ± 1.0 0.800 ± 0.156
4.5 ± 1.1
0.275 ± 0.001
0.3
Pt-O 1.5 ± 0.3 0.648 ± 0.175 0.201 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 10.3 ± 1.0 0.655 ± 0.070
4.9 ± 1.1
0.276 ± 0.001
0.2
Pt-O 0.3 ± 0.7 1.249 ± 6.189 0.205 ± 0.017
1.4
Pt-Pt 9.5 ± 1.4 0.690 ± 0.117
3.9 ± 1.2
0.276 ± 0.001
0.4
Pt-O 0.7 ± 0.4 0.353 ± 0.466 0.201 ± 0.002
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 10.7 ± 0.9 0.716 ± 0.062
5.7 ± 0.8
0.277 ± 0.001
0.1
Pt-O 0.2 ± 0.3 0.607 ± 1.508 0.204 ± 0.005
1.4
Pt-Pt 8.5 ± 0.7 0.683 ± 0.069
2.5 ± 0.7
0.274 ± 0.001
0.1
Pt-O 0.9 ± 0.2 0.349 ± 0.247 0.200 ± 0.001
Potential/VRHF Bond CN σ
2 / 10-4nm2 E0 / eV R / nm Rf / %
0.4
Pt-Pt 10.1 ± 1.7 0.540 ± 0.132
6.5 ± 1.5
0.277 ± 0.001
0.7
Pt-O 0.3 ± 0.5 0.367 ± 1.386 0.202 ± 0.005
1.4
Pt-Pt 8.1 ± 1.4 0.581 ± 0.127
4.6 ± 1.4
0.275 ± 0.001
0.6
Pt-O 0.9 ± 0.6 0.794 ± 0.938 0.199 ± 0.003
(1) Pt/KB (activated)
Table S1. Curve-fitting results of the k2-weighted QEXAFS data for Pt/KB, Pt/AB, and Pt/MWCNT
in activated and ADT-degraded MEAs in H2-Air
(2) Pt/KB (ADT 1000)
(3) Pt/AB (activated)
(4) Pt/AB (ADT 5000)
(5) Pt/MWCNT (activated)
(6) Pt/MWCNT (ADT 5000)
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Comparison between the EXAFS analysis results with different k-ranges in Å-1 for activated 
Pt/KB at 0.4 V (R-range = 1.3 – 3.2 Å)
k=2-11 k=3-11 k=2-12 k=3-12 k=3-13
CN(Pt-Pt) 10.4 ± 0.7 10.0 ± 0.7 10.8 ± 0.8 10.7 ± 0.95 10.2 ± 1.4
dE0 / eV 5.10 ± 0.59 5.09 ± 0.89 4.96 ± 0.75 4.82 ± 1.12 5.18 ± 1.55
R(Pt-Pt) / Å 2.75 ± 0.005 2.75 ± 0.01 2.75 ± 0.005 2.75 ± 0.01 2.75 ± 0.01
σ2 / Å-2
0.0056 ±
0.0006
0.0054 ±
0.0007
0.0062 ±
0.0006
0.0063 ±
0.0007
0.0074 ±
0.0009
R-factor / % 0.43 0.46 0.79 0.91 2.25
Effect of k-range on the EXAFS analysis
The analysis results for k-range 3-12 Å-1 are almost the same as those for k-range 3-11 Å-1 within 
error range. The analysis results for k-range 3-13 Å-1 are also similar to those for k-range 3-11 Å-1, 
but the R-factor becomes larger, indicating totally worse fitting. Nevertheless, among lots of time-
resolved XAFS data under fuel cell operating conditions, there were the samples, which were hard 
to measure good XAFS signals in the larger region than 120 nm-1, particularly with degraded 
(ADT) samples. In this study we systematically compared the potential-dependent structures and 
electronic states and transient response structural and electronic transformations of typical three 
Pt/C catalysts (Pt/KB, Pt/AB and Pt/MWCNT) at 100 ms (or 100 ms x3) time-resolution, and for 
quantitative comparison we conducted the fitting procedures under the same analysis conditions. 
Hence, the k-ranges for all lots of the potential-dependent and transient-response data were unified 
as 3-11 Å-1 in this study.
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Estimation of the EXAFS data for the Pt/C catalysts after the ADT cycles
The Pt nanoparticles in Pt/KB, Pt/AB and Pt/MWCNT grew to 6.5 nm ±1.5 nm (~14 Pt layers) after the ADT
cycles. Thus, the CN(Pt-Pt) at 0.4 VRHE is expected to be 11.4 by the equation
(12*(12+22+32+42+52+62+72+82+92+102+112+122+132)+9*142)/(12+22+32+42+52+62+72+82+92+102+112+122+132+14
2), which reproduces the observed CN(Pt-Pt) values under H2 (anode) - N2 (cathode) (the values under H2 (anode) -
Air (cathode) in bracket); 11.0±1.4 (10.7±1.2), 10.3±0.9 (10.3±1.0) and 11.0± 0.8 (10.1± 1.7), respectively
for Pt/KB (ADT 1000), Pt/AB (ADT 5000) and Pt/MWCNT (ADT 5000) (Table 2 and Table S1). At 1.4 VRHE, the
CN(Pt-Pt) and CN(Pt-O) are expected to be 9.4 and 1.1 by the equations
12*(12+22+32+42+52+62+72+82+92+102+112+122)*1/(12+22+32+42+52+62+72+82+92+102+112+122+132+142)+
9*132*1/(12+22+32+42+52+62+72+82+92+102+112+122+132+142) and (142*1*4+132*1*2)/(12+22+32+42+52+62+ 72+
82+92+102+112+122+132+142), respectively, which also totally reproduce the observed CN(Pt-Pt) and CN(Pt-O)
values under H2 (anode) - N2 (cathode) (under H2 (anode) - Air (cathode) in bracket); 6.5 ±1.0 (7.2 ±1.4) and 1.3
±0.4 (1.2±0.4), 8.8±1.9 (9.5±1.4) and 0.7±0.6 (0.7±0.4), and 8.4±1.2 (8.1±1.4) and 0.9±0.4 (0.9±0.6),
respectively for Pt/KB (ADT 1000), Pt/AB (ADT 5000) and Pt/MWCNT (ADT 5000). The smaller CN(Pt-Pt) may
indicate some distortion at the13th Pt layer underneath the PtO phase. These results reveal the similar surface
structures of Pt nanoparticles under both cathode gas conditions at 0.4 VRHE and 1.4 VRHE (Figure 4) except the
partial presence of surface oxygen species at 0.4 VRHE under H2 (anode) - Air (cathode).
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Figure S16. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), and current for 
Pt/KB after the conditioning (activating) (A) and ADT 1000 cycles (B) in the voltage up (0.4 VRHE - 1.4 VRHE) and down
(1.4 VRHE - 0.4 VRHE) cycle under H2(anode)-Air(cathode); Cell temp.: 353 K, Relative humidity: ~ 93%.
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0.4 V -> 1.4 V 1.4 V -> 0.4 V(A) 0.4 V -> 1.4 V 1.4 V -> 0.4 V(B)
Figure S17. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), and current for 
Pt/AB after the conditioning (activating) (A) and ADT 5000 cycles (B) in the voltage up (0.4 VRHE - 1.4 VRHE) and down
(1.4 VRHE - 0.4 VRHE) cycle under H2(anode)-Air(cathode); Cell temp.: 353 K, Relative humidity: ~ 93%.
Pt-Pt
Pt-O
Pt-Pt
Pt-O
Pt-Pt
Pt-O
Pt-Pt
Pt-O
S21
Figure S18. Transient response curves of the white line intensity, CN(Pt-Pt), CN(Pt-O), R(Pt-Pt), R(Pt-O), and current for 
Pt/MWCNT after the conditioning (activating) (A) and ADT 5000 cycles (B) in the voltage up (0.4 VRHE - 1.4 VRHE) and 
down (1.4 VRHE - 0.4 VRHE) cycle under H2(anode)-Air(cathode); Cell temp.: 353 K, Relative humidity: ~ 93%.
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Table S2. Tentative rate constants (k and k’) for the electrochemical reactions and the electronic (Pt valence) and structural 
(CN(Pt-Pt) and CN(Pt-O)) changes in Pt/KB, Pt/AB and Pt/MWCNT after the conditioning (activating) and ADT cycles in 
the potential operations under H2(anode)-Air(cathode); Cell temp.: 353 K, Relative humidity: ~ 93%
a) XAFS acquisition: every 300 ms. b) Current acquisition: every 20 ms. C) tentative with large error bar.
Pt/KB Pt/AB Pt/CNT
after aging ADT1000 after aging ADT5000 after aging ADT5000
kvalence (1) and k’valence (2)
(1) 0.4 V -> 1.4 V 0.85 ± 0.0768a) 0.842 ± 0.126a) 0.769 ± 0.121a) 0.957 ± 0.317a) 0.987 ± 0.168a) 1.08 ± 0.351a)
(2) 1.4 V -> 0.4 V 1.61 ± 0.175a) 0.238 ± 0.035a) 1.71 ± 0.318a) 1.17 ± 0.363a) 1.25 ± 0.211a) 1.35 ± 0.425a)
kPt-Pt (1) and k’Pt-Pt (2)
(1) 0.4 V -> 1.4 V 1.6 ± 0.853a) 0.342 ± 0.129a) 0.554 ± 0.203a) 0.361 ± 0.419a) 1.14 ± 0.989a) 1.65 ± 1.28a)
(2) 1.4 V -> 0.4 V 0.449 ± 0.178a) 0.0791 ± 0.105a) 0.811 ± 0.368a) 0.283 ± 0.162a) 0.718 ± 0.336a) 0.406 ± 0.278a)
kPt-O (1) and k’Pt-O (2)
(1) 0.4 V -> 1.4 V 1.1 ± 0.217a) 0.333 ± 0.0632a) 0.634 ± 0.114a) 0.427 ± 0.216a) 1.17 ± 0.36a) 1.45 ± 0.745a)
(2) 1.4 V -> 0.4 V 0.942 ± 0.171a) 0.0825 ± 0.0408a) 0.722 ± 0.131a) 0.917 ± 0.329a) 1.52 ± 0.458a) 2.05 ± 1.35a)
ke (1) and k’e (2)
(1) 0.4 V -> 1.4 V
13.1 ± 0.0989b) 13.3 ± 0.123b) 16.7 ± 0.169b) 22.5 ± 0.153b) 32.1 ± 0.243b) 29.7 ± 0.255b)
1.81 ± 0.0214b) 1.57 ± 0.0152b) 2.03 ± 0.0263b) 2.65 ± 0.0308b) 1.35 ± 0.18b) 0.425 ± 0.355b)
(2) 1.4 V -> 0.4 V
22.6 ± 0.438b) (59.0) 36.4 ± 0.663b) (48.2)b)c) 8.05 ± 1.34b) (72.8)b)c)
1.88 ± 0.0651b) 0.263 ± 0.0114b) 2.3 ± 0.194b) 0.416 ± 0.0101b) 1.48 ± 0.292b) 0.153 ± 0.0987b)
activated ctiv ted ctiv ted
Pt/MWCNT
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Figure S19. The dependence of the relative rate constants and relative mass activities (A) or surface specific activities 
(B) for the Pt/KB, Pt/AB and Pt/MWCNT cathodes in MEAs after ADT cycles. The relative rate constants k(valence), 
k(Pt-Pt) and k(Pt-O), and k’(valence), k’(Pt-Pt) and k’(Pt-O) for each sample after the ADT cycles are the relative 
values to those for each corresponding activated sample, respectively. The relative mass activities and surface specific 
activities for each sample after the ADT cycles are the relative values to those for each corresponding activated sample.
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The error range for the ratio k`/k was calculated by the following equation.
(SI-2)
(SI-3)
𝑚 = 𝑦 ± 𝛥𝑦, 𝑛 = 𝑥 ± 𝛥𝑥
𝑚
𝑛
= (𝑦 ± ∆𝑦)/𝑥 ± ∆𝑥) = (𝑚/𝑛) ±
∆𝑥
𝑥
2
+
∆𝑦
𝑦
2
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